The checkerplot is a new type of graphical display that combines geographical information and statistical plots. Hereby, the traditional plots like barplots or polygon lines are visualized in geographical order on a grid. The checkerplots can be seen as a mixture between thematic maps and the grid representation in trellis plots.
Introduction and motivation
The visualization of statistical information becomes more and more popular. A graphical representation is even more than a substitute for a table 'At their best, graphics are instruments for reasoning about quantitative information. Often the most effective way to describe, explore, and summarize a set of numbers -even a very large set -is to look at pictures of those numbers' (Tufte 2001) . *Corresponding author. Email: templ@statistik.tuwien.ac.at The presentation of data depending on geographical information (e.g., regions, states, and cities) must combine two completely different aspects. The first is related to summary statistics on the data for each area, and the other aspect is the given geographical information about that areas (Few 2009a ). On the one hand, quantitative information may be presented in the form of lines, points, or bars. On the other hand, the geographical information should be included in the visualization in the most appropriate/fitting way. In traditional representations, maps and polygon lines are often placed one upon the other (Few 2009b) .
Before the checkerplot is introduced, current visualization tools for representing summary figures and geographical data are briefly outlined to motivate the construction of the checkerplot.
Traditional representation
Sometimes geographical dependant information is shown in bar charts, boxplots, or polygon lines. The disadvantage of such a representation is that the important geographical information is completely lost. In Figure 1 , the proportion of persons without insurance in 1999, 2003, and 2009 is shown. It is difficult to read the labels because of the number of US states and the need to align them horizontally. The geographical information is lost, and it is not possible to see any geographical trends at a glance. As a conclusion traditional bar charts, polygon lines, or boxplots, for example, are inherently not appropriate to display data together with geographical information.
Representation of complex statistical information in thematic maps
Graphs commonly used to represent statistical information with respect to the geographical origin on a map are called thematic maps. Nowadays thematic maps are used in various fields. The greatest advantage of a thematic map is that geographical regions (e.g., countries) are easily recognizable through its typical contour and position.
In addition, corresponding values and summary statistics that are assigned for each region can be visualized in a thematic map. Even traditional graphics per region like barplots can be placed into thematic maps for each region at the center of the corresponding region (see, e.g., Environmental Systems Research Institute 2011; Hillier 2007). Hereby the geographical or carthographical data are combined with statistical information for the corresponding geographical regions.
However, representation of statistical figures in a thematic map may come with several drawbacks. First, the surface of the countries or regions is usually very different with the consequence that the display size for the statistical information of different countries is very unequal. For example, it is nearly impossible to present bar charts for the Benelux states in a thematic map of Europe since the area of those countries in a map of Europe is very small. This is also true for other maps, like Africa, where some countries do not have enough space to present complex statistical information. Second, in many situations, the available space per country is not well used due to the irregular form of the regions or coastlines. Third, it is usually not possible to place the individual graphics on a common baseline. This makes comparisons between regions more difficult. Figure 2 again shows the population in the US states, but now the bar charts are placed on a map. Difficulties in comparing the indicators on the state level are because of the high density of states, the irregular forms of states at the upper east coast and a missing common baseline for the barplots in the states for comparison. In conclusion, thematic maps are well suited for representing simple statistics (e.g., univariate information like one estimate for each country) with respect to their geographical location, but they may not be adequate for displaying more advanced statistics such as time series or several estimates for each area without losing readability and comparability.
Representation in grids
A further set of graphical representations are the trellis plots (Cleveland 2002) . The general idea behind trellis plots is to split the dataset into multiple subgroups in order to get a clear arrangement and display of the information for each subgroup in one panel of a grid. Figure 3 shows an example of a trellis plot. Here, the bar charts of the number of people without insurance divided by total people size are represented. For some states, this ratio is practically stable, for example, in Virginia (VA). In contrast, for some states, this ratio increases a lot over the years like in Missouri (MO).
The advantage of this representation is that all states have equal space to display the statistical information. The drawback of this representation is the loss of geographical information, that is, the states in Figure 3 are arranged with respect to their alphabetic order, which makes it impossible to see the distribution of the ratios over the United States. However, the geographical information is important for the communication with users and in order to visualize spatial correlations.
Section 2 gives a motivation of the checkerplot using unemployment rate figures of European countries. Section 3 shows the solution of the arrangement problem by linear programming. Section 4 provides an application to the US health insurance data that shows the capabilities of the checkerplot.
A motivation of the checkerplot
The basic idea of the checkerplot is to combine the advantages of thematic maps and gridbased Trellis plots. The checkerplot combines readability and power of the representation for each region as far as possible with the intuitive insight that geographical location provides.
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Thus, the checkerplot combines the advantages of traditional statistical graphs and representation in thematic maps:
• All areas have equal space for presenting (even complex) statistical information that makes comparisons simple and applicable. • The shared axis of the plots in a row (or column) helps comparison over rows (or over columns).
However, the arrangement of the 50 US states, for example, to a grid of, say, 13 horizontal times 6 vertical panels, is a highly complex task (see Section 3). Ad hoc solutions for the positions of the regions may be developed for each problem at hand. Actually, the first trials of the checkerplot were constructed like this. This is, however, a time consuming and somehow unsatisfactory way of working because it is not clear how an optimal display can be ensured. In addition, different people will arrive at different arrangements, which makes comparison more difficult. Section 3 develops a general optimal solution for the positioning of the regions on the checkerplot.
Before going into details about the order of the areas in a grid, we introduce the checkerplot through an example. Figure 4 shows a checkerplot that optimally assigns each European Union member state (including Switzerland and Norway) into an 8 × 7 grid. For each country the unemployment rate (based on year 2008) is presented with breakdown by gender. It is easy to see that the Scandinavian countries, which are located in the north of Europe, are at the top of the grid; Portugal, the most westerly country of Europe, can be found on the lower left beside Spain. In summary, the geographical order is well preserved. Additionally, the flags in the labels of each area help the user to rapidly recognize a particular region he or she is looking for. As the shape of a country or region is also a distinctive feature of it, transparent shapes underlying the plots were tested whether they would help the recognition of a country. In fact, the transparent country shapes made it more difficult to read the statistical information and therefore they were dismissed.
An additional advantage of the proposed checkerplot is the possibility to display flags or any other small symbols in the label section of every plot. This allows for easier identification of the different entities in the plot (see, e.g., Figure 4 ). In addition, statistical information on higher aggregates, like the unemployment rate of the European Union in Figure 4 , may be displayed in a grid position, where it does not disturb the orientation. It is obvious that the deformation of the geographical map tends to be higher when the overall grid is smaller. For example, the form of Europe is less recognizable when a 7 × 6 grid is used, because the shape of the checkerplot becomes more rectangular, that is the deformation is larger. Therefore, the choice of the grid size of the checkerplot is crucial (compare also Figure 7 (11 × 6 grid) and Figure 8 (13 × 6 grid)).
Optimal arrangement
It has already been mentioned that the arrangement of geographical areas on a grid is a highly complex task. The number of different possible arrangements for 51 Federal States in the United States in 9 × 6 grid, for example, is very large, namely more than 51! = 1.55 × 10 66 different arrangements are possible. A brute-force solution is not applicable, and heuristic procedures to arrange the regions may lead to unsatisfactory results (see Templ et al. 2011) .
The question is how to assign a geographical entity (e.g., country) to a panel in the grid, such that the geographical position is as close as possible to the real position for all entities. For the centers of the states in the US this problem is shown in Figure 5 . The centers in Figure 5a have to be optimally assigned to the grid points shown in Figure 5b .
In the simplest case, the number of areas and grid points to be mapped is equal. In the following, a solution of the problem is provided for any grid size when the number of areas is less than or equal to the number of available grid points.
Let both X and Y be two-dimensional datasets with n 1 and n 2 observations. Here, X represents the geographical coordinates of the regions. The geographical coordinates may be the baricenter of the region or, for example, in the case of countries, the position of the capital. The dataset Y is the set of midpoints of the grid on the checkerplot. Necessarily n 1 ≤ n 2 in order to obtain an arrangement. First, the pairwise distances between X and Y are calculated by
The objective function in the optimization problem is then given by these distances, joined row-wise together. The result is a vector of length n 1 × n 2 . Let this vector be denoted by 
For each i, i = 1, . . . , n 1 , we define a binary vector b i of length n 2 with all entries equal to 0 except entry b ij = 1 for grid point j, which is assigned to the region i. We then stick together the vectors b i to form a binary vector b of length n 1 × n 2 . The optimal assignment would just minimize the distance of the region to the grid point. However, this would result in multiple assignments, that is, the same grid point would be assigned to multiple regions. Therefore, a more elaborated algorithm must be used to find an assignement that respects uniqueness. The optimization is formulated as a linear programming problem. The objective function that has to be minimized is then given by
under the constraints
with a km ∈ {0, 1}, k = 1, . . . , n 2 , m = 1, . . . , n 1 n 2 (5) c km ∈ {0, 1}, k = 1, . . . , n 1 , m = 1, . . . , n 1 n 2
The elements of A are defined by
for example, a 1m = (1, . . . , 1 n 1 , 0, . . . , 0 n 2 ) ( 8 ) a n 2 m = (0, . . . , 0
Therefore, the condition Ab T ensures that each region is assigned to one and only one grid point. The elements of C are defined by
for example, c 1m = (1, 0, . . . , 0 n 1 −1 , 1, 0, . . . , 0 n 1 −1 , . . . , 1, 0, . . . , 0
Thus, condition Cb T ensures that each grid point is used at maximum once in an assigment. The GNU linear programming kit implemented in R-package Rglpk (Theussl and Hornik 2010 ) is used to solve the linear program.
Outlying areas
The center of a region may be definded as either the barycenter, the coordinates of the capital, the middle of a bounding box of the region or other user-defined coordinates. Given these centers, the optimal arrangement presented in Section 3 minimizes the distances between grid points and the centers while ensuring that each region is attributed to one panel.
However, the optimal solution from solving the linear program, formulated in Section 3, may not represent the best representation for human eyes in every case. For example, Hawaii is far away from the rest of the US states and is an outlier in that sense. The distances among the other states are very small compared with the distances to Hawaii. This may lead to a poor arrangement that isolates Hawaii and crowds together the other states. An appropriate choice of the centers, for example, by changing the longitude coordinate of the center of Hawaii to a coordinate closer to the west coast of the United States, improves results. To warn the user, the optimization routine implemented in R gives a warning whenever the distances of a few centers to other centers are unusually high, that is, if they are greater than 3 · Q n , where Q n is the 0.25 quantile of the pairwise distances of the centers c ij ; i < j (for details on Q n , see Rousseeuw and Croux 1993) .
Application of the checkerplot
The checkerplot is implemented in function checkerplot() in the R-package sparkTable (Kowarik et al. 2012 ) with its utility function optimal_grid_allocation() to solve the linear program described in Section 3.
Note that the implementation has dependencies on R-package ggplot2 (Wickham 2009; 2010) . The esthetics of the corresponding graphic and the settings of ggplot2 plots can be easily changed (Wickham 2009; Kowarik et al. 2012) .
Description of the data
In the following, the checkerplot is applied to US health insurance data between 1999 (DeNavas-Walt et al. 2009 ).
In the United States, health insurance is provided by government sponsored entities as well as by private insurances. Until recently there was no obligatory coverage for all citizens in contrast to, for example, the Austrian health system. In 2009, 16.7%, which equates to 50.67 million people in the United States, had no health insurance (DeNavas-Walt et al. 2009 
Types of health insurance
There are several different public health insurance programs existing in the United States.
Medicare was signed into law within the Social Security Act of 1965 as addition to the existing Social Security legislation. The program is available for people aged 65 years or older or younger people with disabilities.
Medicaid was also signed into law within the Social Security Act of 1965. This program is only available to certain low-income individuals and families who fit into an eligibility group that is recognized by federal and state law.
Tricare is a health care program of the US Department of Defense and Health System. It provides health in civilian facilities for military personnel, military retirees, and their dependents, including some members of the Reserves.
The Children's Health Insurance Program was created in 1997. The US Department of Health and Human Services is administering the CHIP program, which provides access to health care for families with children, which have low income but too high to qualify for Medicaid.
The eligibility to the Veterans Health Administration is for most individuals solely based on active military service in the US armed forces.
In addition, the insurance for the private sector consists of payments from companies on behalf of their employees' health insurance and direct purchase and of direct payments from individuals (DeNavas-Walt et al. 2009 ). The analysis is based on three data sources: The indicators are provided in xls format and their data columns reflect the numbers of individuals for each type of health insurance and the number of individuals without insurance.
Preliminary tasks
The first step in the analysis is to determine the optimal order of the US states. The optimization algorithm introduced in Chapter 3 was used. The geographical conditions led the authors to use a 13 × 6 grid, because more states are aligned horizontally than vertically (see Figure 6) .
The function returns a numerical vector containing the optimal arrangement of the entities. The large geographical distance between the two US states Alaska and Hawaii and continental United States is also taken into account. Once the dataset is in optimal order, the checkerplot function is applied.
US health insurance coverage over time
Here, we look at the development of the US health insurance coverage from 1999 to 2009. Coverage is defined as the ratio of covered persons divided by the total population. Apart from some states with an increasing health insurance coverage ratio, the general trend in the United States is a slight decrease from 1999 to 2009. In 1999, nearly 86% of the population were covered by health insurance providers. The rate decreased to 83% in 2009. The graphical representation in Figure 7 shows that the efficiency of the system (covered people, costs as percent of GDP) decreased over time. In order to remedy the situation, a new patient protection law was signed in 2010 to reform and lower the costs of the US health care system. 2 Finally, the checkerplot is used to visualize a comparison between government and private health insurance coverage for 1999 and 2009 (Figures 8 and 9 ). Note that here a grid size of 13 × 6 is used instead of 11 × 6 as in figure 7. By using a larger grid, the geographical positions of the states are better maintained, but there is less space available in each panel. Between 1999 and 2009, the number of people covered by government health insurance programs rose from 22.2% to 30.6%. Over the same period, the number of people covered by a private insurance program declined from 66% to 64%. In the checkerplot, one can see that North Dakota (ND) is the only US state in which the number of people covered by a government health insurance program decreased between 1999 and 2009 (from 28.6% to 26.3%). This finding corresponds with a report about the health care in North Dakota (http://www.healthcare.org/north-dakota/), where it states: 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 An interesting feature is shown in Figure 8 . The coverage by government health programs seems to rise slightly from the west to the center and then drops down (or levels out) to the east.
Conclusion
The checkerplot combines the advantages of thematic maps and of grid-based Trellis plots. It approximates the underlying geography on a low-resolution grid. The low-resolution grid results in some of the positive features of trellis plots because individual plots pertaining 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 2009 1999 to regions are uniform in size and shape, share an axis, and are therefore easy to read. The checkerplot improves on the Trellis plot by including approximate spatial information that helps users in their orientation and interpretation. In this contribution, it is suggested that the degree of approximation can be represented as a linear loss function based on a central point in each region (e.g., barycenter or capital). As the optimization problem is a constrained linear optimization problem, standard linear programming tools are applicable.
Both the arrangement problem and the rendering of the checkerplot are implemented in R-package sparkTable (Kowarik et al. 2012) . Colors, axis notations, fonts, and other esthetic attributes such as shape and size of geometric objects (points, lines, and bars) can be changed in a flexible manner by assigning those attributes to a function argument in the implementation of the checkerplot. Here, we strictly follow the Grammar of Graphics (Wilkinson 2005) implementation of the ggplot2 package (Wickham 2010; Wickham 2009 ) (more technical details for the function calls and parameter descriptions can be found in the corresponding manual of the checkerplot, see Kowarik et al. 2012) .
Several example plots were presented that suggested that the proposed optimization problem does indeed lead to interpretable checker plots. The satisfactory output of the software is dependent on reasonable grid dimensions to be chosen as well as the type of central point (barycenter or capital city) for each region. Additionally, small flags of the corresponding regions (if available) can be displayed in each panel allowing for easier recognition of the regions.
Further research is necessary on the user perception of checkerplots, on the usefulness of small flags to indicate the regions, on the choice of direction of the baseline (horizontal or vertical), and on the choice of the dimension of the grid.
